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Gentlemen: 
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"THE PIEASUflEMENT OF LUNA2 RADIATION" 

by 

E.  Brock Dale 

NASA G r a n t  NsG-692 

The first s i x  months have been occupied i n  t h e  design and 

cons t ruc t ion  of an i n f r a r e d  de tec to r  and photometer for  t h e  wave- 

l eng th  range 9-14 microns,  and i n  adapt ing  t h e  t e l e scope  f o r  l u n a r  

scanning. 

The d e t e c t o r s  are mercury-doped germanium wafers  on Kovar mounts 

which can be screwed onto  t h e  cold f i n g e r  of a double dewar cooled 

wi th  hydrogen o r  helium. The de tec to r  i s  mounted a t  t h e  focus of  t h e  

1 8  1/2-inch Cassegran. ian t e l e scope ,  behind a r o t a r y  s h u t t e r  and an 

o p t i c a l  system so disposed t h a t  t he  d e t e c t o r  s e e s  . a l t e r n a t e l y  a p o i n t  

on t h e  l u n a r  ' su r f ace  and empty space. The i n t e r r u p t i o n  frequency of 

t h e  s h u t t e r  is  400/sec. 

The s i g n a l  from t h e  d e t e c t o r  goes through a s t a g e  of preampl i f i -  

c a t i o n  and then  t o  a P.A.R. Model 5-5 lock-in a m p l i f i e r ,  and t h e  d.c. 

ou tpu t  is d isp layed  on a pen-type recorder .  We expect  even tua l ly  t o  

add a complementary z-axis  osc i l loscope  d i sp lay  which can be photographed 

as a v i s u a l  a i d  t o  i n t e r p r e t a t i o n  of t h e  da t a .  

The d e c l i n a t i o n  d r i v e  of the t e l e scope  has  been modified t o  allow 

scanning Sack and f o r t h  a t  constant  r i g h t  ascension.  The o r b i t a l  motion 

of t h e  moon then carries it pas t  t h e  t e l e scope  at approximately h a l f  a 

degree p e r  hour ,  caus ing  a given p o i n t  on t h e  moon's image t o  t r a v e r s e  

t h e  t e l e s c o p e ' s  s ix-second c i r c l e  of  confusion ( a t  t e n  microns) i n  about 

twelve seconds.  The f r a c t i o n  of t h e  moon t h a t  can be t r a v e r s e d  i n  a 



given d e c l i n a t i o n  scan is  l i m i t e d  i n  p r a c t i c e  by t h e  m a x i m u m  a m p l i f i e r  

bandwidth usable  wi th  t h e  d e t e c t o r ,  and has n o t  y e t  been determined. 

a r e  l i m i t e d  geometr ica l ly  t o  about h a l f  t h e  moon's d iameter ,  however. 

We 

Our first d e t e c t o r s  were made by h e a t i n g  germanium for 150 hours a t  

4OO0C i n  an atmosphere of mercury vapor a t  about a tmospheric  p re s su re .  

It was found t h a t  t h e  mercury had n o t  d i f fused  t o  s u f f i c i e n t  depth.  

waEers have been d i f f u s e d  f o r  250 hours a t  800OC. The i n f r a r e d  t r a n s -  

mission of t h e s e  wafers a t  t e n  microns is  l e s s  than  two p e r  c e n t ,  i n d i c a t -  

i n g  t h a t  an adequate amount of mercury has been in t roduced .  

t i o n  depth appears  t o  be less than one micron, however. 

Mew 

The penet ra -  

We have been o f f e r e d  a piece of melt-doped Ge(Hg) by t h e  Texas 

Instruments  Corporation. 

i nco rpora t ed  i n t o  ou r  d e t e c t o r .  

of t h e  moon i n  May, 1965. 

A s  soon as t h e  m a t e r i a l  a r r i v e s  it w i l l  be 

We expect  t o  make t h e  first tes t  scans  
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A s tudy  has  been undertaken t o  determine t h e  e f f e c t  t h a t  cen- 

t r i f u g a t i o n  and, hence,  a n  i n c r e a s e  i n  g r a v i t a t i o n a l  f i e l d ,  has  upon 

t h e  v e l o c i t y  of enzymatic r e a c t i o n s  occur r ing  i n  inhomogeneous 

The f i r s t  system s e l e c t e d  f o r  s tudy  involved  t h e  enzymatic 

r educ t ion  of neo te t r azo l ium ch lo r ide  by an enzyme system i n  h e a r t  

mitochondria which can use  succ ina te  as  a s u b s t r a t e .  An a s s a y  

procedure f o r  t h i s  t ype  of enzymatic a c t i v i t y  was developed, and 

us ing  t h i s  procedure i t  was found t h a t  c e n t r i f u g a t i o n  markedly 

i n c r e a s e s  t h e  e x t e n t  of reduct ion  of t h e  neo te t r azo l ium c h l o r i d e .  

F u r t h e r  experimentation i n d i c a t e s  t h a t  t h i s  i n c r e a s e  i s  due t o  

concen t r a t ion  of enzyme r a t h e r  than tempera ture  o r  s t reaming e f f e c t s .  

The second system s e l e c t e d  f o r  s tudy  and c u r r e n t l y  under study 

invo lves  t h e  enzymatic hydro lys i s  of suc rose  by i n v e r t a s e .  T h i s  

system i s  e s s e n t i a l l y  homogeneous and i s  expected t o  y i e l d  d i f f e r e n t  

r e s u l t s  than those  ob ta ined  with t h e  f i r s t  system. 

The s i g n i f i c a n c e  of t h e  r e s u l t s  ob ta ined  t o  d a t e  i s  t h a t  they 

l e a d  t o  t h e  sugges t ion  t h a t  processes  i n  l i v i n g  cel ls ,  which c e r t a i n l y  

are  inhomogeneous systems, should be in f luenced  by a change i n  

g r a v i t a t i o n a l  f i e l d .  



G-1082 : First Semi-annual r e p o r t  

During t h e  f i r s t  s i x  months of t h i s  g r a n t  t h e  fol lowing th inqs  

were accomplished: 

(I) AID. I coc ix  three f i e l d  tach is toscope  was ordered,  r ece ived ,  

checked o u t ,  and pu t  i n  working order .  

( 2 )  A review of t h e  l i t e r a t u r e  on p a t t e r n  v i s i o n  i n  t h e  p e r i p h e r a l  

r e t i n a  was undertaken. On t h e  b a s i s  of t h i s  review, an equat ion  

p r e d i c t i n g  the  o rde r  of recogni t ion  of var ious forms w a s  der ived  

and tes ted i n  a p i l o t  cxperinent .  Bas i ca l ly ,  t h e  equat ion t akes  

tile s i z e  of t h e  r a t i o  of in sc r ibed  t o  circumscribed circles a s  

a n r e d i c t o r .  The smaller t h e  r a t i o ,  t h e  less d i sc r iminab le  t h e  

form, Thus, r e g u l a r  f i g u r e s  having few s i d e s  should be more 

recognizable  than those having many sides. 

( 3 )  The p i l o t  experiment used t e n  s u b j e c t s ,  who w e r e  simply 

r equ i r ed  t o  guess which one of f i v e  r egu la r  forms was presented ,  

The €oms were presented t o  t h e  r i g h t  eye about 4.75' temporal 

t o  t h e  fovea,  i n  t h e  h o r i z o n t a l  ineridian. Exposure t i m e  was 

50 nsec; i l l umina t ion  l e v e l  was set for each subject t o  t h e  

l e v e l  a t  which he  could j u s t  see t h a t  something had been pre- 

sen ted .  Resul t s  were as predicted.  

Signed. 

Co-principal I n v e s t i g a t o r  

W a l t  :er F. Daves 
Co-principal I n v e s t i g a t o r  
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FROM: G. F. Schrader  
Department of  I n d u s t r i a l  Engineering 

P rogres s  Report-- NASA Grant  No. NSG-692 

Dr. G. F. Schrader ,  P r i n c i p a l  I n v e s t i g a t o r  

The work accomplished and t h e  progress  made s i n c e  September 1, 1964 t o  t h e  d a t e  
of r e p o r t ,  and t h e  problems under  i n v e s t i g a t i o n  a r e  summarized a s  follows: 

1. The d i s c r e t e  v e r s i o n  of maximm p r i n c i p l e  was a p p l i e d  t o  o b t a i n  s o l u t i o n s  
f o r  t h e  optimum stage-weight d i s t r i b u t i o n  problems of a m u l t i s t a g e  r o c k e t  
v e h i c l e s .  Three problems were considered. The f i r s t  problem t r e a t s  t h e  
s t r u c t u r e  r a t i o  a s  a cons t an t  i n  each s t a g e ,  though it may d i f f e r  s t a g e  by 
s t a g e .  The second problem cons iders  t h e  v a r i a t i o n s  i n  s t r u c t u r a l  f a c t o r s  wi th  
s t a g e  weight. The t h i r d  problem o b t a i n s  t h e  optimum weight d i s t r i b u t i o n  which 
minimized hardware weight. 
of S t e p  Rockets by t h e  D i s c r e t e  Maximum'Principle," by L. T. Fan, C. L. Hwang, 
and C. S .  Wang) r e p o r t i n g  t h e s e  r e s u l t s  was presented  a t  t h e  Avia t ion  and 
Space Div i s ion ,  t h e  Winter Annual Meeting of ASME on December 1, 1964 i n  New 
York, New York, and will be published i n  t h e  J o u r n a l  of Engineering f o r  
I n d u s t r y ,  T ransac t ions  of ASME. 

k paper ( ASME paper No. 64-WA/AV-5, "Optimization 

2. I n  aerospace  a c t i v i t i e s ,  t r a n s p o r t a t i o n  type  problems f i n d  a v a r i e t y  of 
a p p l i c a t i o n s  p a r t i c u l a r l y  wi th  r e s p e c t  t o  l o g i s t i c s  i n  both space v e h i c l e  
and ground suppor t  system a l l o c a t i o n .  A procedure f o r  applying t h e  d i s c r e t e  
maximum p r i n c i p l e  t o  mul t idepot  t r a n s p o r t a t i o n  problems wi th  t h e  l i n e a r  
o b j e c t i v e  ( c o s t )  func t ion  i s  s tudied .  The r e s u l t s  were presented  i n  a 
pape r  e n t i t l e d  "The Di sc re t e  Maximum P r i n c i p l e  So lu t ions  of Multidepot 
T r a n s p o r t a t i o n  Problems wi th  t h e  L i n e a r  Cost Function" by G. F. Schrader,  
C. L. Hwang, L. S .  Fan and L. T. Fan. I t  was submitted t o  t h e  J o u r n a l  of 
Product ion  Research f o r  pub l i ca t ion  i n  February 1965. 

The a p p l i c a t i o n  of t h e  maximum p r i n c i p l e  t o  mul t idepot  t r a n s p o r t a t i o n  
problems wi th  non- l inear  o b j e c t i v e  ( c o s t )  func t ion  i s  being s tud ied .  A 
pape r  p re sen t ing  t h e  r e s u l t s  i s  under p r e p a r a t i o n  and it w i l l  be submi t ted  
t o  t h e  A I A A  J o u r n a l  f o r  pub l i ca t ions .  

3 -  The continuous v e r s i o n  of t h e  maximum p r i n c i p l e  app l i ed  t o  op t imiza t ion  of 
chemical r e a c t i o n s  i n  a p lug  flow t u b u l a r  r e a c t o r  has  been s t u d i e d .  Seve ra l  
c a s e s  of f i r s t  and second o r d e r  r e v e r s i b l e  o r  i r r e v e r s i b l e  r e a c t i o n  have 
been i n v e s t i g a t e d .  F o r  each case t h e  r e l a t i o n s h i p  between t h e  opt imal  temp- 
e r a t u r e  p r o f i l e  along t h e  length of t h e  r e a c t o r  and t h e  opt imal  ho ld ing  time 
was der ived .  A paper i s  under  p r e p a r a t i o n  f o r  p re sen t ing  t h e  r e s u l t s .  

4. A p p l i c a t i o n  of dynamic programming and t h e  d i s c r e t e  a s  wel l  a s  t h e  continuous 
v e r s i o n  of maximum p r i n c i p l e  t o  t h e  problems of t h e  r e l i a b i l i t y  of aero- 
space  system i s  c u r r e n t l y  under s tudy .  

5. The a p p l i c a t i o n  of t h e  maximum p r i n c i p l e  t o  opt imal  c o n t r o l  of s imple  s t o c h a s t i c  
p r o c e s s e s  i n  both  d i s c r e t e  and continuous c a s e s  i s  c u r r e n t l y  under  i n v e s t i g a t i o n  
as concerns a p p l i c a t i o n  t o  a v a r i e t y  of aerospace systems. 
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A period of t i m e  has  been required t o  partially equip a laboratory 

and order certain materials and equipment necessary to conducting the 

work. The init ial  investigations have concerned a novel means of genera- 

ting ultraviolet light. A little known effect has  been employed. The 

techniqte  rnay be described as follows. 

(1) A g lass  ball is evacuated and filled with a few grams of mercury, 

the balling having a diameter of about two inches.  

(2) Mercury vapor pervades the space in the ball. 

(3) The ball is placed upon a shaft driven by a s m a l l  motor and 

spun a t  various angular velocit ies.  

(4) Since the  g lass  ball is made of a special ultraviolet transmitting 

variety of g lass  , ultraviolet photons pour from the ball to be counted. 

The uitiaviolet light which i s  generated in the sequence described 

above,  resul ts  from the relative motion of contiguous surfaces of mercury 

and glass , m e t a l  and semiconductor. The mercury remains essent ia l ly  

a t  r e s t  while the adjacent g l a s s  surface of the ball moves at a prescribed 

number of revolutions per second and a corresponding linear velocity.  

Electrons pour from the metal t o  the semiconductor when the materials are 

in contac t ,  equalizing the  Fermi levels  of the two materials. When the 

surfaces are separated by the motion of the g lass  sphere,  the electrons 

jump back to  the mercury by way of a discharge in the mercury vapor. 

Thus is generated ultraviolet l igh t  in the discharge.  

At  room temperature, the vapor pressure of mercury is of the order 



of 

of the  ball. Helium h a s  been introduced t o  a pressure of 0 . 6  mm Hg ,  and 

the ultraviolet yield h a s  been observed t o  increase  by a factor of t en .  A 

helium pressure of 2mm H g  will shortly be introduced to ascer ta in  whether 

the ultraviolet yield c a n  be further increased. 

H g ,  so that  the  mean free path is about equal to the  diameter 

A l l  the  above l is ted act ivi t ies  are directed toward preparation of a 

paper to be presented in New York a t  the annual meeting of the  American 

Physical Society in January of 1966. 



NASA G r a n t  NaG-692 

Width of the Tracks 

Media, Robert Eatz, Principal Investigator. 

Research done on th i s  problem before the i n i t i a t i o n  

of the  present grant has culminated in a paper e n t i t l e d  

'Width of Ion and Monople Tracks in Emulsion", by R. Katz 

and J,Jo Butts, Ehys. Rev. x, B I 9 8  (1965). 

A new width conputation has bean i n i t i a t e d  based: on 

experimental measurement of the penetration of normally 

incident low energy electrons through t h i n  f i l m s ,  by 

E a t e r  and Sternglass,  Phys, Rev. 126, 620 (1962). Th i s ;  

conputation uses the c r i t e r i a  of t rack formation we have 

previously established. 

t o  be sens i t ized  when t h e  ionization energy deposited by 

delta: rays exceeds athreshald value charac te r i s t ic  of the 

emulsion, 

ejected normal t o  the ion ' s  pathho Agreement obtained with 

experimental measurements of  cosmic ray  produced t racks 

i n  enulsion considerably inproved over the  e a r l i e r  model. 

A preliminary Peport w i l l  bo given a t  the  Xmch meeting 

of the h e r i c m  Physical Society. 

WI 

An enulsion grain i s  assumed. 

The new ccrmptation assumes de l t a  rays t o  b e  

These t rack width computations have been applied ta 

problem of  rad ia t ion  damage frm heavy ions, w i t h  goo& 

resu l t s .  Published data on inact ivat ion cross sect ions 

f o r  enzymes, for phage, and f o r  yeast stained with d i f fe ren t  

ions a t  several  values o f  ion  speed have\been coordinated 

w i t h  a s ingle  constant- the threshold dosage f o r  inactivation. 

T h i s  work appears t o  be a m a j o r  forward s tep  in understanding 

the hazards of  heavy ion i r rad ia t ions  to; space t r a v d l e r s o  
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Width of Ion and Monopole Tracks in Emulsion 
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ROBERT RATZ AND J. J. BUTTS 
Kansas Skate University, Manhattan, Kansas 

(Received 13 July 1964; revised manuscript received 14 September 1964) 

The width of the tracks of ions in emulsion has been calculated from the assumption that a developable 
image is formed when the energy dosage deposited by delta rays exceeds a threshold value, here found to be 
6ooo ergs/cma in G-5 emulsion. The theory agrees with measurements of track width obtained by projecting 
track images to a magnification of 3000X and tracing around their outline, while truncating isolated delta 
rays at their bases. Agreement is to within a grain diameter to a range of about 4 cm. From the theory we 
infer that there is no 2 intelligence contained in the last lop of track length, and that very poor rewJirtion in 
2 (above 15) is obtained in the thin-down region (last 150 p). The calculation has been extended to infer the 
width of the track of a Dirac monopole as a function of its range. The length of track required for discrimina- 
tion between ions and monopoles depends on the monopole mass. Thus monopoles of mass 5 amu, unit pole 
strength (137e/2), and energy 1500 MeV will have a range of lo00 p, and can be confused in width with ions 
of charge 20. On the other hand 3-amu unit-strength monopoles of 1WMeV energy will have a range of 100 P 
and can be clearly distinguished from any ion. If 1 cm of track is available, any monopole (to mass 50 amu) 
can be clearly distinguished from all ions by the fact that its track width does not diminish with increasing 
range, and achieves a value of about 4 p, in G-5 emulsion. 

I. INTRODUCTION medium through the formation of delta rays, and that 
HEN the tracks of heavy ions were first detected the detector is sensitized when these delta rays deposit 
in emulsion exposed to cosmic rays, in 1948, energy in the medium at a rate exceeding a threshold 

and the wedge-shaped appearance of the near touching the cylinder of critical diameter are assumed 
the end of the range was attributed to electron pi&up. to  be sensitized. The track width is then the sum of the 

1953 Lonchampl projected ma&ine-accelerated diameter of the critical cylinder, the diameter of a 

their width was thought to be proportional to ionimtion, dosage- In the case of emulsion, all photographic grains 

ions into emulsion and found that it was necessary to 
clarify the distinction between ionization and width, 

developed grain, and the dimeter of an undeveloped 
is akSUmed to affect the (see Fig. ‘1. 

for the width was decreasing at ranges where the ioniza- width through the diameter of the developed grain, and 
tion was increasing. Electron pickup occurred much too possibly through the value of the threshold dosage. 
near the end of the to be responsible for the Most detectors lack both the spatial resolution and 
wedge-shaped appearance of the H~ a the sensitivity for these detailed considerations of the 
simple theory in which width was calculated as the mechanism Of track formation to be Significant. But, 
diameter of a cylinder, centered on the path, since electron-sensitive emulsion has both sensitivity 
through whose surface 400 delta rays passed in each and spatial resolution, the secondary ionization from 
100 of track length. B~ Me of the delta-ray &tribu- delta rays the tracks of heavy ions dominates the 
tion formula, a range-energy relation for slow electrons, appearance of these tracks. 
and an assumption of normal ejection of delta rays, a In  the Present calculation delta rays are assl.lmed to 
numerical value of track width could be computed. be ejected With effective spherical t o  obey 
Though Lonchamp identified the mechanism of width a power-hw “diffusion-length” energy relation, and to 
formation, his formulation was not quantitative. have an energy spectrum in accordance with the usual 

A substantial improvement in Lonchamp’s theory delta-ray distribution formula. We are forced to treat 
was made by Bizzeti and Della Code: in 1959, by the coe6cient of the power law as an adjustable param- 
altering the track formation criterion from one of eter, for want of complete data. Similarly, the threshold 
delta-ray flux to one of energy flux. At low ion energies, dosage for emulsion sensitization is treated as an 
in the thin-down region, where delta rays emerging 
from the critical cylinder had a residual range less than 
a grain diameter, this theory was in reasonable agree 
ment with experiment, but our extrapolation of the 
theory to higher ion energies yielded theoretical values 
for the track width which did not fit experimental data. 

foundation of the work of Bizzeti and Della Corte. I t  13 I 

The present theory of track formation is built on the 

assumes that charged particles transfer energy to a 

’P. G. Bizzeti and M. Della Corte, Nuovo Cimento 11, 317 

GD 
T 

FIG. 1. Cross section 
of track. A grain of di- 
ameter D tangent to the 
critical cylinder grows in 
development to diame- 
ter GD. The total track 
width after development 
i s  h=22+(G+l)D, 

J. P. Lonchamp, J. Phys. Radium 14,433 (1953). 

(1959). 
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adjustable parameter. The numerical values of these 
parameters are determined from the over-all fit of 
track-width data with computed curves. 

Studies of the identification of the Dirac monopole in 
emulsion, based on the track-width theory of 
Lonchamp, were initiated by Katz and Parnella in 
1959. According to this theory the tracks of heavy ions 
are thin at high energy. As the energy diminishes, the 
tracks increase in width, passing through a maximum, 
and then thin down in the last several hundred microns 
v i  UJIC;C. I I I ~  uacns id monopoles are i o  be-wedge 
shaped, being wide a t  high energy and thinning down 
continuously as they approach the end of their range 
without passing through a maximum. While the qualita- 
tive description of the difference between ion and mono- 
pole tracks remains intact, the quantitative details of 
the description of the width of ion tracks has been 
significantly improved in the present work, with corre- 
sponding improvement to be expected in the extrapola- 
tion to the track of a monopole. The track of a unit- 
pole-strength Dirac monopole will achieve and retain 
a width slightly greater than 4 p in G-5 emulsion. This 
width will be achieved at ranges of approximately 
7 0 A p ,  where A is the monopole mass in amu. The 
saturation width itself depends on the pole strength. 
Thus, any track whose width nmer decreases as its range 
increases may be identified as a monopole. The mass may 
be determined from the range at which the width 
reaches its saturation value, and the pole strength may 
be determined from the magnitude of this width; 

Machine experiments to manufacture  monopole^^.^ 
have thus far been limited to possible masses of 3 amu. 
Monopoles of this mass could be readily identified, in 
tracks 100 p long. For this range an energy of 100 MeV 
is required. This energy would be attained by a Dirac 
monopole in 5 cm in a field of 1 kOe. 

-.e _ - _ _ ^  W L -  ..---l-- ~ 

11. THEORY OF TRACK WIDTH 

The track width may be calculated by postulating 
that an undeveloped grain will be sensitized if any part 
of its volume is suf5ciently close to the path of the 
primary particle to receive the threshold dosage for 
latent image formation E*. From symmetry, all grains 
included in and tangent to a cylinder of radius x will be 
sensitized. On processing, the outermost grains will 
grow from diameter D to a new diameter GD, so that 
an examination of the geometry of Fig. 1 leads to the 
result that the track width X is given by the equation 

where 
X=2x+Xo, (1) 

Xo= (G+l)D.  (2) 

a R. Katz and D. R. Parnell, ‘Phys. Rev. 116,236 (1959). 
‘E. Amaldi, G. Baroni, H. Bradner, H. G. deCarvalho, L. 

Hoffman, A. Manfredini, and G. Vanderhaeghe, CERN 63-13, 
Geneva, 1963 (unpublished). 
6E. M. Purcell, G. B. Collins, T. Fujii, J. Hornbostd, and F. 

Turkot. Phys. Rev. 129,2326 (1963). 

At low ion energies where the range of delta rays is 
significantly less than a grain diameter, the minimum 
width achieved is XO, the sum of the diameters of a 
developed grain and an undeveloped grain. The formu- 
lation here is consistent with our observation that the 
track width in the first 10 p is constant and is the same 
for all 2. We have observed that there are differences 
in XO for tracks terminating a t  different depths in the 
emulsion, apparently due to  processing. 

If E(x,/?,Z) is the energy flux through a cylinder of 
radius x carried by delta rays made byvsm ion charge Zt 
and speed pc, then the energy density deposited in a shell 
of thickness Ax is (E(x,&Z)-E(x+Ax, /?,2))/(2rxAx). 
In  the limit cjf small Ax we require that this expression 
approach a limit E*, an adjustable parameter, so that 

. 

~ 

(3) 

and we must turn to the task of calculating E(x#,Z). 
Let p ( x , w )  represent the average energy carried 

through a cylinder of radius x by an eIectron of energy 
w, the average being with respect to the direction of 
emission. The total energy flux through the cylinder of 
unit length, is obtained by integrating r d n ,  where dto 
is the number of delta rays per unit path length having 
energies between w and w+dw, produced by an ion of 
effective charge Ze moving with speed BG. We have 

2?rN&3dw Z1 dw 
dn= - -c- - (4) . .  

dW P d ’  
where the mass of an electron and its charge are m and e, 
and N is the number density of electrons in the medium 
(emulsion) through which the ion passes. The constant 
C is implicitly defined in Eq. (4) as C=2de’/(mdL). 
We use observed trackwidths (corresponding to  elec- 

delta-ray distribution formula which contains an addi- 
tional factor of (l-@u/wmG). This factor is essentially 
(l-w/2mC”yZ), or nearly 1, for this calculation. This 
equation must be supplemented by an expression 
for the effective charge Ze of an ion of atomic number 2’ 
at speed /?c in emulsion ; according to Barkas‘ Ze may 
be expressed as 

trons of energy w S 4 0  keV) to simplify the rigorous , .  

. 

Ze = Z’e[ 1 - exp (- 1 25/?/2’*/9]. (5) 

Using Eq. (4) we obtain 

(6) 

6 H. Barkas, Nuclear Research EmulsionS (Academic Press Inc, 
New York, 1963), Vol. 1, Chap. 9, p. 371. 



where the lower limit w(x),  is the energy of a delta ray 
whose diffusion length is just su5cient to penetrate the 
cylinder if it is ejected normally, and the upper energy 
limit ~ , ~ - 2 n t c 2 / 3 ~ 7 ~ ,  is the maximum delta-ray energy 
as determined by kinematics. 

To complete the calculation we need a diffusion 
relation for low-energy electrons. Range-energy rela- 
tions for electrons customarily give the maximum range 
or the extrapolated range expected from a population 
of monoenergetic electrons. The present calculation 
requires an average range. Since no data are avazabie 
for the diffusion length at these low energies, we have 
altered an experimental power-law range-energy rela- 
tion by treating its coefficient k as an adjustable 
parameter. We have 

where I is the diffusion length in microns, w is the elec- 
tron energy in keV. The exponent is taken to be 1.72, 
a value suggested by Glocker' for energies between 1 
and 100 keV. 

For simplicity, delta rays are assumed to follow 
straight-line paths and their angular distribution is 
taken as effectively spherically symmetric. In the 
calculation a more relaxed angular distribution is 
actually used ; that is, 

I =  kwu, (7) 

j(e)+j(.-e) = 1/2.. (8) 
The sum of the fore and aft electron-ejection proba- 
bilities is constant. 

Reexpressing Eq. (7 )  as w =  (r/k)lIu, and changing 
the variable in Eq. (6), we obtain 

where the energy w of the delt? ray has been written 
W ( I )  for emphasis and where R = k ( 2 m 8 ~ 2 r 2 ) u  is the 
maximum diffusion length of an electron. Bizzeti and 

(UBR)(tVIE.)" 
Fro. 2. Universal curve (Gaussian units) for calculating track 

width, A, as a function of p for ions of charge Ze. The electron 
density N, the threshold dosage E*, the maximum diffusion length 
of an electron R, and the sum of the develo ed and undeveloped 
grain diameters XO, all depend upon the emuhon. . 

7 R. Glocker, 2. Naturforsch. 3a, 129 (1948). 

l i i i 0 i  :a.cious: 

FIG. 3. Theoretical plot of reduced tradc width (X-XO) versus 
range for ions of Z=5, 10, 15, 20, 25, - * e ,  50. The constant Xo is 
equal to the sum of the develo d and undeveloped grain diame- 
ters (approximately 0.75 for g 5  emulsion). At lar e ranges the 
width increases with Z. The mass assignment is k r  the most 
abundant isotope. 

Della CorteP have shown that the integral in Eq. (9) is 
a function of the ratio x/R only. Thus we have - -* LI 

'.. cz" x 

a $  
E (x8,Z) = - -I( --) . 

The track width may now be determined by applying 
the condition of constant dosage from Eq. (3). On 
writing 

. ( y I (  ax R ') , 

replacing C by its value and rearranging, we find 

1'". (11) 
k R I'(x/R) 

We have used this equation to plot a universal m e  
for the calculation of track width in emulsion, or in any 
detector (see Fig. 2). For G-5 emulsion, N =  1.045X102' 
electrons/cms. For best fit with our track width data 
we have taken the threshold sensitivity of G-5 emulsion 
to electrons to be 6000 ergs/cms. Since the maximum 
diffusion length R is a function of 8, as previously given, 
we may find x from the curve for given values of /3 and 
2. To fit our data, K [Eq. (7)] was adjusted to 0.006. 

Finally, accepted values of proton range8 are used 
in conjunction with Heckman's formulas to convert j3 
to range for heavy ions, taking electron pickup into 
account. The results are plotted in Fig. 3. 

III. EXPERIMENT, AND ITS CONNECTION 

The track width is subject to strrtistical fluctuations. 
To find an average width comparable to the computed 
width, we measure the area per unit length of a se,gnent 

WITH THEORY 

8 M. M. Shapiro, in Haidbitch dtr Pliysik, edited by S. Fliigge 

OH. H. Heckman, B. L. Perkins, W. G. Simon, F. M. Smith, 
(Springer-Verlag, Berlin, 1958), Vol. 45, p. 366. 

and W. H. Barkas, Phys. Rev. 117, 544 (1960). 
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of track wbich is long enough to sinooth out the 
irregularities, but not so long that the average width 
changes appreciably in the segment. Ten-micron 
segments were used in the first 150 p ,  and 50-p segments 
were used at greater ranges. 

Measurements were made by tracing around a 
projected image of the track, magnified 3000X by a 
Leitz nuclear-emulsion microscope provided with a 
xenon lamp. Disconnected clumps of silver were ignored 
and isolated delta rays were cut off a t  their base. The 
areas of the profiles traced in this manner were measured 
with a planimeter. 

To normalize the data for variation in processing 
(grain size) with depth, the width of a track of 3-cm 
residual range was measured a t  different depths. Over 
small intervals at this large range, any width variation 
is due to variation of XO with depth in the emulsion. 
Through use of these measurements, all data were nor- 
malized to a depth of 150 p by an additive correction. 

The theoretical results indicate that the tracks of all 
ions have the same width XO in the last l o p  of their 
range. This result is supported by our normalized data, 
and may be noted in published photographs.IO We have 
found that X0=0.75 p ,  in our emulsions, a value con- 
sistent with average data for G-5 emulsion given by 
B a r k q c  who gives the diameter of a developed grain 
as 0 . 5 ~  and the diameter of an undeveloped grain 
as 0.27 p .  

The combination of parameters yielding the best fit 
to our data are E*=6000 ergs/cma, and k=0.006 [see 
Eq. (7)]. Our determination of K gives a diffusion length 
which is about one-third the maximum range of 10-keV 
electrons, as given by Feldman." 

Width measurements were made on eight tracks 
found in emulsion exposed to cosmic rays at an altitude 

- 

102 Id 10. Id 
RANOE   MICRON^ 

FIG. 1. Data for four tracks found in G-5 emulsion exposed to 
the cosmic rays. The families of curves represent the best fitting 
theoretical curve (Z=8, 8, 10, 18). To show 2 discrimination, 
e x h  assigncd Z is bounded by ZfZlfl. All the data are normalized 
to an emulsion depth where X0=0.75p. 

10 C. F. Powell, P. H. Fowler, and D. H. Perkins, A Study o/ 
E l m d a r y  Particles by the Photogra hk Mdlaod (Pergamon 
Press Inc., New York, 1959), pp. 170-1 5. -! 

C. Feldman, Phys. Rev. 117,455 (1960). 

I I , , , , 1 1 , ,  I , 1 1 1 ,  ' , 1  I 1 1 1 1 1 1 1  I ' I  c'.dd 
IO' IO' IO' 

FIG. 5. Data for four tracks found in G-5 emulsion exposed to 
the cosmic rays. The families of curves represent the best Mting 
theoretical curve (2=25,26,26,30), each bounded by Z A P ,  as 
in Fig. 4. All the data are normalized to an emulsion depth where 

R A N G E  (MICRONS) 

Xo=0.75 p. 

of 100 000 ft. The results are shown in Figs. 4 and 5, 
plotted together with the theoretical curves for the best 
estimate of 2, and for Zf.W2 to show discrimination. 
Most of the measured tracks agree with the theory to 
within a grain diameter (0.5,~) a t  all ranges to 4 cm. 
In all calculations the ion mass was-taken as that of 
the most abundant isotope. 

Comparison of the theory with published data for the 
width of machine accelerated ions is shorn in Figs. 6 
and 7, where the published data of Bizzeti and Della 
Corte2 and of SkjeggestadI2 are- plotted over our 
theoretical curves. 

Data and theory show that the range at which the 
width of an ion track is a maximum is substantially 
independent of Z. 

It appears that the best Z discrimination should be 
obtained when measurements are made near the maxi- 
mum width. The roughness of the track outline in this 
region is offset by the slower variation of width with 
range (as compared to the thin-down region of the 
track), allowing measurement of longer segments. 

The theory predicts that the width-range curves of 
ions of different Z cross in the thin-down region. For 
ranges less than 150 p ,  a plot of reduced width (A-Ao) 
versus Z shows a maximum (see Fig. 8). This effect is 
easily understood in terms of the width limitation 
imposed by the maximum diffusion length of delta 
rays. In the thin-down region the very large number of 
delta rays per unit track length causes the theoretical 

no .  Skjeggestad, Nuovo Cmento 8,927 (1958). 
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FIG. 6. Com- 
parison of theory 
with published pho- 
tometric track-width 
data of Bizzeti and 
Della Corte (see 
footnote 2) obtained 
with accelerated ions 
(Z=1, 2, 6, 8). Xo 
ao.8 #. 

width to be approximately equal to the difl usion length 
of the electrons of maximum energy. Thus, in the thin- 
down region the width is almost proportional to B2a. A i  
a range of, say, 50 p, the speed of an ion of Z= 50 is less 
than that of a Z= 20 ion. This is due to electron pickup': 
a 23C069 ion has an extra range of 120 p and a 6oSn12a ion 
has an extra range of 360p over the range otherwise 
predicted from proton ranges. The track of the lighter 
ion is therefore wider than the track of the heavier ion. 
These considerations imply that Z assignments based on 
width, or on the area of the thin-down wedge, are in- 
sensitive to Z and are ambiguous above Z=15. The 
situation is vastly improved at a range of 150 p .  

IV. WIDTH OF MONOPOLE TRACKS 

A slowly moving monopole of pole strength g gener- 
ates an electric field normal to the trajectory of magni- 
tude gvbIc1.3, where r is the distance to the field point, 
and b is the impact parameter. We expect a monopole 
to interact with matter through this field. A slowly 
moving charge carries with it an electric field whose 
component normal to the trajectory is Zeb/1.3 (Gaussian 
units). A comparison of these fields suggests that 

2 -  

I I I I I I l l 1  I 
30 100 

R A N G E  (MICRONS) 

I;zc. 7. Com- 
parison of theory 
with published visual 
track-width data of 
Skeggestad (see foot- 
note 9) obtained 
with accelerated ions 
(2=3, 4, 5, 6, 8). 

i o =  0.s y. 
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formulas for ionization and delta-ray distribution for 
moving ions can be converted to formulas appropriate 
to monopoles by replacing Ze by g@. This recipe was 
derived rigorously by Bauer13 and by Colei4 in 1951. 

We may find an expression for the delta ray distribu- 
tion for monopoles by making the substitution g@ for 
Ze in Eq. (4) to obtain 

dn= C(g2/8) ( d w / d ) .  

The delta-ray distributions for charges and poles are 
plotted in Fig. 9. Note that the delta-ray distribution 
formula remains-valid at high energies, because of 
compensating factors of y which appear a t  high speeds 
from the Lorentz contraction and time di1ati0n.l~ In  
Fig. 9, curve A is the delta-ray distribution for a Dirac 
monopole (the kinematic cutoff depends on fl and is 
shown as a dashed line for /3=0.25 a t  W= 68 keV). The 
other two curves show the variation in the delta-ray 
distribution with @ for ions of 2=16. It is significant 
that the delta-ray distribution for poles depends on @ 
only through the changing value of the kinematic cutoff 

(12) 

n 

4 4 2> 10 20 25 30 40 

2 

FIG. 8. Curves showing the theoretical variation of track width 
with 2 at  ranges of 25,50,70, 100, and 130 p .  Notice, for example, 
that the widest tracks at 50 p are due to ions of charge 206. 

An increase in @ adds more delta rays of higher energy 
leaving the rest of the distribution unchanged. Thus, 
an increase in P cannot produce a decrease in track 
width. The width of a monopole track must increase 
inonotonically with 0, independent of the detailed 
mechanism by which a track-width theory converts 
the delta-ray distribution to track width. 

A universal curve for determining monopole track 
width as a function of 0 may be obtained by making 
the substitution g/?= Ze in the abscissa label of Fig. 2. 

To establish a range-@ relation for monopoles, the 
ionization formula of Bethel6 was integrated, making 
shell corrections according to the procedure of 
Vigner0n.~7 The resulting range values were found to be 

13 E. Baucr, Proc. Cambridge Phil. SOC. 47, 777 (1951). 
14 €1. J. D. Cole, Proc. Cambridge Phil. SOC. 47, 196 (1951). 

13. Rossi, II@ EnerRy Parliclcs (Prentice-Hall, Inc., New 

16 M. S. Livingston and H. A. Bethe, Rev. Mod. Phys. 9, 245 

1' P. L. Vigneron, J. Phys. Radium 14, 145 (1953). 

York, 1932), Chap. 2, p. 18. 

(1937). 
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in agreement with experimental data for protons of 
B <0.9 to within 5%.8 The ionization formula was then 
converted by the usual recipe (Ze + gfi) and integrated 
to give range-B values for monopoles. Our calculations 
of monopole range were in agreement with a curve of 
Amaldi et a1.4 There is some question about the inter- 
action of poles with the medium in the limit of low 
velocity, when the electric field of the moving pole drops 
to zero. We infer from arguments by Malkus'B and 
~ t b s x s  thzt 8 p?!e wi!! kteract strongly with matter 
when its energy is of the order of tens of electron volts, 
and that the range we have calculated here is within a 
few microns or within 5% of the true range, whichever 
is greater. 

The results of these calculations are plotted in Fig. 10, 
where the reduced width (A-X,) of the tracks of Dirac 
monopoles of unit strength (137e/2) and of twice unit 
strength (137e) is plotted against a background of 
track-width-range curves for ions. 

The most obvious feature of the monopole track is 
the absence of a maximum width, a feature which is 
required by the delta-ray distribution relation for poles, 
Eq. (12), independent of other aspects of the track- 
width theory. The track of a monopole is strongly 
dependent on its mass and its magnetic charge, as shown 
in Fig. 10. The range at which the track reaches 
saturation width is determined by the mass of the 
monopole, while the magnitude of the saturation width 
is determined by the pole strength. 

w (kE\r3 

FIG. 9. The spectrum of delta rays in G-5 emulsion for unit 
Dirac monopoles (curve A), and for Z= 16 ions at j3=0.2 and 0.3. 
The delta-ray spectrum for poles is the same for all j3, except for 
the position of the kinematic cutoff, shown as a dashed line at 
w=68 keV for j3=0.25. 

W. V. R. Malkus, Phys. Rev. 83, 899 (1951). 

O L E  T R A C K S  I N  E M U L S I O N  

f02 IO' 

FIG. 10. Comparison of the width of tracks of ions (Z=3,  10, 
20, 50) and monopoles of unit pole strength and twice unit pole 
strength in G-5 emulsion. The family of mono ole curves (heavy 
lines) includes the anticipated track width g r  a monopole of 
strength g= 137e and m = 10 amu (curve A) , and of g = 68.5e & h  
m = 3  amu (curve B), m=5 amu (curve C ) ,  and m=10 amu 
(curve D). 

RANGE (MICRONS) 

The region of possible confusion with ions depends on 
the mass assumed for the monopole. For masses less 
than 3 amu, the largest possible mass obtainable in 
recent accelerator experiments,4-5 monopoles would be 
easily identified if only the last 50 p of track were avail- 
able. Monopoles with mass greater than 10 amu would 
be clearly distinguished from ions if 500 p of track were 
available for measurement. For other masses, a pole 
might be confused with an ion on the basis of track- 
width measurements to ranges of 1000 p .  For example, 
a 5-amu pole and a Z= 20 ion display nearly the same 
range-width relation to 1000 p .  

In a recent paper Gotolg has predicted that monopoles 
from cosmic space would be accelerated to energies of 
1020 eV. Monopoles of these energies may be expected 
to display a constant track width of approximately 4 p 
in G-5 emulsion, according to these calculations, and 
should be readily identifiable. 

ACKNOWLEDGMENTS 

We are grateful to D. E. Guss for the emulsion used 
in these measurements. We are also indebted to E. W. 
Hoffman and M. R. Querry for their help in the calcu- 
lations, and especially to E. J. Kobetich for his help in 
measurement and machine computation. 

19 E. Goto, Progr. Theoret. Phys. (Kyoto) 30, 700 (1963). 

. .  



* - c 
c c 

6 S l O S  K F  BuXL An -Phys SOC I1 2 , 378 -(I9659 
* 

i i ~ e  of 0.357"/h. i t  is bclicvctl that crystal strain is the S E S S I O X S  K 
~ . .IIUC prinlnry c;tiisc for explosions during growth.* Starting growth 

isity. at a high tcnipcraturc and uniformly cooling the sample ,- c in- siiflicicntly slowly arincnls the crystal(s). This proccss 11ns 
iW's producccl 20-50 crystals per sample vial with no explosiolis. 
and 

1 I;: F. h w d c n  and A. D. Yoffe  Far1 Rcacfwns i n  Solids (Buttenvorths 
3ilitY ScicntIfic Publications. London. lbS8). p. 123. 

L' type ;W. c. Afccrone, Proc. Basic Contractors Conf.. 9th. USAERDL (Oct. 
1960). I). 7. = doni 

r 
KF9. Positron Lifetimes in Metal-Ammonia Solutions.* L. H. 5 

y the DIItTEltMAN, \v. E. MILLETT, AND J. c. THOMPSON. The 
Universily of Texas.-The lifetimes of positrons have been 
mcxured in solutions of lithium in liquid ammonia with a 
resolution of (1.5 nscc. The metal concentration was varied 
from a mole ration (Li:NH;) of 0.0003 to 0.03; measurements 
wcrc also made in pure " I ,  all a t  -65°C. A lifetime of 1.6 
nscc was found in pure NHI  for the long component; this same 
component had a lifetime of 0.6 n x c  in the most concentrated 
solution. The fraction associated with this component varied 
from 28% to 13% over the same range, but was concentration 
indcpcndcnt a t  mole ratios above 0.003. At concentrations 
near a mole ratio of 0.005, evidence was found for a 3rd, long- 

* Research assisted by the U. S. Office of Naval Research. the National 
Science Foundation. and the R. A. Welch Foundation. 

KF10. Soft X-Ray Disometry for Radiation-Chemistry Studies 
of Hydrocarbons.* OTTO H. HILL. University of Missouri. Rolla. 
-Funcla~nciital radiation-chemistry studies dedicated to 
dynamic measurclncnts of the rules at which particular chemi- 

to a radiation ficld rcquire that  the radiation source be in- 

This may be provided by relatively low energy ( < l o 0  kV) 
x-ray sources. Customary reservations regarding the quality of 
the dosimetry available for such sources have been relievcd by 
the design and development of homogeneous, variable plate- 
separation ion chambers (consisting of polyethylene bodies and 
utilizing ethylene as the cavity gas) to specify absolute energy 
deposition in typical hydrocarbons with an accuracy of &7%. 
Specification of the energy deposition in the cavity gas, which 
is exempt from criticisms based upon inherent chamber in- 
homogeneities, is deduced from lim A I / A  Y as V increases 
without limit, where I is  the ionization current and Y is the 
collcctor volume. These techniques are also exempt from 
criticisms based upon satisfaction of geometrical equivalence 
and "electronic cquilibrium" in sample systems and are 
particularly adaptable to  radiation dose specification in thin 

analytical studies. The unique advantages provided by such 
sources and the associated dosimetry techniques are discussed, 
together with examples of dynamic analytical applications. 

for such concepts as  target size, overlap factor for Grays, 
energy per ion cluster, and sciisitivc vol~~ti ic of material, which 
are  necessary in the customary associated volume calculation 
of Lea.3 

I R: Katz and J. J. Bults "Width of Ion and Monoimlc Tracks in Emul- 
don. Phys. Rev. (to be p;bliahed). 
f G W. Dolpilin and F Ihtchinson Radiation Re? 13 403 (1960). 
8 IJ: E. ~ c n .  ~ t t i o w  d'ncldiallonr dn r.itpm Ctllr'iCnhbrldne t'nivcrrlry 
Press. London. 1355). 

RF12. Width of Ion Tracks in Emulsion. E. J. I<ORETICIi 
(introduced by R. Katz). J. J. BUTTS. AND R. KATZ. Kansas 
S u i e  LT,j;i.irs3jr.-E~pcii~i~~~: s;iid:ies of the energy !?EX 
and electron penetration through thin films of aluminum by 
normally incident low-energy electrons, by Kanter and Stern- 
glass,' have been applied to the calculation of the width of ion 
tracks in emulsion. As in the width theory of I<atz and Butts,' 
i t  is assumed that an emulsion grain is sensitized when thc ' 
ionization energy deposited by brays exceeds a threshold 
value, characteristic of the emulsion. The present model . 
assumes &-rays to be ejected normal to the ion's path, and 
ignores the differciicc between electrcns nomally incident ' 
onto a plane slab and electrons radially ejected into a solid ; 

cylinder. In general, the new model is in agreement with results I 

of the earlier calculation, even as to the threshold dosage for 
grain sensitization, but the number of adjustable parameters ( 

required for the calculation has been reduced from 3 to 1. the * 
threshold energy. Agreement with experiment is noticeably 
improved. 
1 H. Kanter and E. J. Sternqlass, Phys. Rev. 126, 620 (1962). 
f R. Katz and J. J. Butts, Phys. Rev. (to be published). 

KF13. Radiation Dose for Earth-Orbiting Satellites. JANE B. 
BLIZARD. Physics. Engineering and Chemical corfioraLwn.- 
Satellite crews would accumulate ionizing radiation doses as 
follows: ( I )  continuously from cosmic rays, (2) several hours 
each day from the trapped belts in passage through the South 
American anomaly, and (3) about twice per month, on the 
average, from solar flares above 60' orbital inclination. Elcc- 
tron flux on the satellite walls will produce bremstrahlung in 
the cabin. A satellite with inclination between 28' and 30' 
would have a tolerable dose for a 3-month duty cycle at  
altitudes below 300 nm (nautical miles). The dose would in- 
crease 10-fold at a n  altitude of 350nm. High orbital inclination 
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XKF11. Biological Effects of Heavy-Ion Irradiation. J. J. BUTTS 

(introduced by Robert Katz) AND ROBERT KATZ. Kunsas 
Skrk Universily.-The relative inactivation cross sections for 
ions of different 2 may be predicted by use of a recently de- 

6 BEE vclopcd theory of track width in emu1sion.l The dosc delivered 
k ma5 to the material by &rays is calculated as a function of distance 
9- wth from the ion's path using the well-known &-ray energy spec- 
k ms.' trum and a n  extrapolated rangeenergy relation for very slow 
~7 rom electrons. The measured cross section is interpreted as the 
A tzte area of a cylinder of material inactivated by the passing ion 
7' dis- and is calculated theoretically by assuming a threshold 

1 of inactivation dose E* characteristic of each biological material. 
' iscd Our calculations are in good agreement with relative cross 

lure sections measured by Dolphin and Hutchinson2 for two differ- 
- I t  8 cnt cnzymcs with Z-1,6, 8, 9 at 830.145. We have no need 

Invited Pi 
KG1. Electronic Charge Transport in Polymer Solii 
Laboratory. (30  mi:^.) 
KG2. Electronically Conducting Polymers. J. H. L: 
(20 min.) 

Contributed 
KQ. Dielectric Crystalline Absorption in Oxidized Poly- 
ethylene. K. YAMAFUJI (introduced by W. P. Slichter). 
Carnegie Instilute of Technology. AND Y. ISSIIDA.* Bell Tclcphonc 
Lnboratorics.-The dielectric crystalline absorption in oxidized 
polyethylene has been measured as a function of frequency 
over the temperature range 2O0~1OO0C. The materials were 
prepared by oxidizing Marlex-type polyethylene in the melt 
under ultraviolet light. The samples were crystallized from 
the melt or from dilute solution. The  absorption strength 
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Semi-Annual Report - NSG - 692 
S t a t i s t i c a l  Radar Echo Analys is  and Simula t ion  

and i t s  Application t o  P l a n e t a r y  R e t u r n +  

A, Theore t i ca l  Work 
N 

c The s u b j e c t  of non l inea r  acous t i c  s imula t ion  of r a d a r  r e t u r n  has 
been under s tudy  since Septcmier, i964, % ~ p l e  i iCJZl:ZCiiZ nobc!i;.,-, 
and reduced range  and Wavelength reduced s u r f a c e  h e i g h t s  modeling 
were worked and r epor t ed  on. 
d e n t  e lec t romagnet ic  wave by a s t a t i s t i c a l l y  rough s u r f a c e  was a l s o  
completed i n  t h e  f i r s t  h a l f  of t h i s  year. Furthermore, the s u b j e c t  
of s p e c u l a r  a r e a s  on t h e  moon and i t s  s u r f a c e  p e r m i t t i v i t y  was a l s o  
p a r t  of our study. 

Some work on d e p o l a r i z a t i o n  o f  an inci- 

B, P u b l i c a t i o n s  

work s o  f a r  has resulted i n  these t e c h n i e a l  pub l i ca t ions :  

Alreadv Accented f o r  Pub l i ca t ion  

( a )  Iiayre, 11, S,, "Lunar Specular Areas and P e r m i t t i v i t y  
Es t imat ion ,  
t i o n  - t o  be published Ju ly ,  1965 

I.E,E,E, T ransac t ions  Antennas and Propaga- 

(b)  Hayre, H, S, "Nonlinear Underwater U l t r a s o n i c  Simulation 
of Radar R e t u r n ,  
son ic s  - accepted for p u b l i c a t i o n  

I, E,E. E. T ransac t ions ,  Sonics  and Ultra- 

P u b l i c a t i o n s  Under Prepara t ion  and/or E d i t o r i a l  Review bv 
Technical J o u r n a l s  

(a) Hayre, €1. S, 

(b)  Ihyre,  H, S, and W, S, Shung, "Frequency Sepa ra t ion  f o r  

IIDepolarization and Sur face  Roughness" 

Sur face  Dielectric Ca lcu la t ion  i n  a Multifrequency Radar 
R e t u r n  Experiment" 

Miscellaneous 

Fur the r  s t u d y  of backsca t t e r ing  from rough s u r f a c e s ,  and an 
a n a l y s i s  of p l a n e t a r y  r a d a r  return d a t a  i f  and when a v a i l a b l e  from 
J,P,L,  and o t h e r  NASA sources, w i l l  be  c a r r i e d  ou t  i n  the  second 
half of th is  year,  

MoreoverP non l inea r  acous t i c  s imula t ion  of v a r i o u s  su r faces  
w i l l  a l s o  be performed, 

Dr, p@+ H, S, Hayre 

Pr i nc i  pa 1 I n v e s t i g a t o r  



Semiannual Report of Research Activities 
Under NASA Grant No. NsG-692 

(“Determination of Optimum Nozzle Contours 
for the Expansion of Dissociated Gas 

by Methods of the Variational Calculus”) 

During this first six months, gratifying progress has been made toward 

realization of all of the primary objectives outlined in the proposal for 

this research. 

The IBM 1401/1410 Computer has been successfully programmed so as to 

furnish an optimum nozzle contour, i.e., a contour providing maximum 

specific impulse. As mentioned in the proposal, the nozzle contour.so 

obtained represents the solution to a ‘Mayer problem’ of the variational 

calculus. Thus the solution obtained at a given reaction rate provides the 

optimum nozzle contour to any artibrary finite length provided that the exit 

pressure of the nozzle is equal to the ambient pressure at that length. The 

solution is limited to a particular back pressure requirement at any length. 

This limitation of allowable end conditions is typical of solutions obtained 

for a Mayer problem. 

In order to verify the optimum solution, several other nozzle contours 

have been investigated. Given the nozzle length and balanced pressure at 

the exit, the optimum nozzle has shown higher specific impulse in every 

. Therefore, the validity of the optimum solution appears to be estab- 

lished on a numerical as well as a theoretical basis. 

It has been possible to prove that the length of this optimum nozzle 

to any given area ratio and exit pressure is inversely proportional to the 

reaction rate-constant which is employed in the calculations. Thus, the 

calculation of different optimum solutions for different reaction rates has 

been avoided. 

’ 

Since the primary objectives of the proposed research have been completed, 



p r e p a r a t i o n  of a r e p o r t  covering t h i s  phase of t h e  i n v e s t i g a t i o n  has  

a l r e a d y  begun. 

Seve ra l  a t tempts  t o  o b t a i n  s o l u t i o n s  t o  the problem wi th  a d d i t i o n a l  c a n s t r a i n t s  

Th i s  r e p o r t  should be completed by the  f i r s t  o f  J u l y ,  1965. 

(3 szcczdery n b j e c t i v e  nf the orig inal  proposal)  have been unsuccessfu l .  

On t h e  o t h e r  hand, t h e  poss ib l e  use of r e a c t i o n  mechanisms d i f f e r e n t  from 

those  s t i p u l a t e d  by Bray has  been s tud ied  and appears  t o  o f f e r  cons ide rab le  

promise. 

t o  warran t  an  ex tens ion  of t he  present  c o n t r a c t .  A d e f i n i t e  proposal  i n  

t h i s  r e s p e c t  w i l l  be presented i n  the near  f u t u r e .  

I t  i s  be l ieved  t h a t  t h i s  l a t t e r  s tudy  i s  s u f f i c i e n t l y  promising 

Respec t fu l ly  submi t ted ,  


